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PREFACE

This survey is the result of a request of A. M. Greg Andrus,
John J. Kelleher*, Jules Lehmann, and Theodore George of the
National Aeronautics and Space Administration Headquarters. It
was compiled while the author was with the former NASA Electronics
Research Center in Cambridge, Massachusetts.

The basic task was to locate and collect information on the
electromagnetic properties of the earth's atmosphere as they re-
late to earth-to-space propagation paths. This information was to
be presented in handbook form for ready reference. The present
document are an attempt to fulfill this requirement and in addi-
tion point to hundreds of other sources of pertinent information.

I wish to acknowledge the suggestions, comments and encourage-
ment of George G. Haroules** and Alfred C. Holland*** of the
Electronics Research Center in the formulation and preparation of
this handbook. I would also like to thank Judith Hubbard of
Shrewsbury High School, Shrewsbury, Massachusetts, for her proof-
reading efforts.

William I. Thompson III

U.S. Department of Transportation
Transportation Systems Center
Cambridge, MA 02142

February 5, 1971

*Now with National Scientific Laboratories, Inc., McLean, VA
**Now with DOT Transportation Systems Center, Cambridge, MA
***Now with the NASA Wallops Station, Wallops Island, VA
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PART I. ATMOSPHERIC TRANSMISSION FUNDAMENTALS

1.0 OVERVIEW
l.1 SUMMARY

This handbook presents material on electromagnetic wave
transmission in the earth's atmosphere with emphasis on earth-
to-space paths up to January 1970. This type of information is
needed in such varied fields as air pollution, astronomy, communi-
cations, earth resources, geodesy, meteorology, and navigation.

Part I presents basic background information dealing with
transmission fundamentals, the properties of electromagnetic
waves, the electromagnetic spectrum, and the earth's atmosphere.

Part II is a guide to information on the transmission
properties of the earth's atmosphere to electromagnetic radiation.
A major feature of Part II is the listing of tables of contents
of several books and major articles on atmospheric transmission.

Part III contains selected transmission information on the
following observable guantities: refraction, absorption, and
scattering.

Part IV is a bibliography to be published in a separate
volume entitled Atmospheric Transmission Bibliography 1960-1969:
A RKWIC Index of Electromagnetic Wave Transmission in the Earth's
Atmosphere Over the Frequency (Wavelength) Range 3 kHz (100 km)
- 3,000 THz (0.1 ym). The bibliography covers the frequency
regions: radio, microwave, infrared, visible, and ultraviolet.
There is a listing of citations by local accession number, a key
word in context index (XKWIC) or permuted title index, and an
author index.

1.2 TRANSMISSION PRINCIPLES

1.2.1 Introduction

A good review of radio wave propagation as it relates to
space communications is found in Krassner and Michaels, (ref. 1).
The problem of space communication has recently been reviewed on
several NASA contracts by Hughes (ref. 2) and Bell Telephone
Laboratories (ref. 3). In most cases it is the inverse of trans-
mission or attenuation which is considered. In physics, attenua-



tion is any process in which the flux density (or power, ampli-
tude, intensity, illuminance, etc.) of a "parallel beam" of
energy decreases with increasing distance from the energy source.
Attenuation is always due to the action of the transmitting
medium itself (mainly by absorption and scattering). It should
not be applied to the divergence of the flux due to distance
-alone, as described by the inverse-square law (Sections 2.7,
2.8).

The space rate of attenuation of electromagnetic radiation
is customarily described by Bouguer's law (Section 1.2.2)
although this law has been questioned by Rozenberg (ref. 4). In
meteorological optics the attenuation of light is customarily
termed extinction (ref. 5).

1.2.2 Bouguer's Law of Transmission

Bouguer's law (or Beer's law, sometimes called Lambert's
law of absorption) is a relationship describing the rate of
decrease of flux density of a plane-parallel beam of monochro-
matic radiation as it penetrates a medium which both scatters
and absorbs at that wavelength. This law may be expressed:

ar, =

A dx (1-1)

—a, Iy

or

I, = Ixo exp (—ak X) (1-2)

where I) is the flux density of the radiation and a) is the
attenuation coefficient (or extinction coefficient) of the
medium at wavelength);I), is the flux density at the source,
and x is the distance from the source (See Fig. 1-1).

This law was first established experimentally by Bouguer
in 1960. At a later date, Beer applied it to transmission of
light through a turbid liquid. The law was rediscovered by
Lambert.

Rozenberg (ref. 4) has recently discussed the limitations
of Bouguer's law to atmospheric optics. (See Section 10.8).

1.2.3 Units for Expressing Transmission
Various units used to describe transmission (or attenuation)

of electromagnetic waves are presented below. An excellent deri-
vation of these basic quantities is presented in Kraus (ref. 6).



ABSORBING MEDIUM OR CLOUD
A

—= WAVE

—p lw—dx

4’

b T M

X= '/a)\
(OPTICAL DEPTH=1)

Figure 1-1.- Absorbing medium (a) and attenuation of a wave
in it (b), (After Kraus, ref. 7).



Define the following symbols:

2 -1

I = observed flux density (Wm < Hz ~),

flux density at the source (W m™2 Hz—l),

L
il

3
It

optical depth or Nepers Attenuation, (dimensionless).
Then the fractional attenuation, y, is defined by:

Y = I/IO = exp (-1) or I = I, exp (-1). (1-3)

It follows that for an optical depth of unity the flux density
is reduced to 1l/e (36.8%) of its initial value (Fig. 1-1). This
is the same as saying that in an optical depth of unity the

flux density has been decreased by 1 neper. Thus, from Eq. (1-3)
the optical depth (or attenuation in nepers) is given by

T = ln(Io/I) = 2.3 log (IO/I). (1-4)

In decibels the attenuation is given by

Decibel Attenuation = 10 log (IO/I). (1-5)

From Eq. (1-5) and Eg. (1-4) it follows that
Decibel Attenuation = 4.3 1. (1-6)

A number of values of fractional absorption, percent absorption,
fractional transmission, percent transmission, optical depth,
and decibels attenuation are given in Table 1-1,.

For example, an absorbing cloud that attenuates the flux
density to 1 percent of its incident value produces 20 decibel
(dB) attenuation, or has an optical depth of 4.6.
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1.3 CONCLUSIONS

It seems appropriate to include a brief summary at this
point. Several works which are especially helpful in summarizing
present knowledge in various frequency regions will be mentioned.

Radio Region (3 MHz - 3 THz; 100 m - 100 um)

The main cause of electromagnetic wave transmission
irregularities is absorption by ionospheric electrons and
polarization rotation caused by the earth's magnetic field. Key
sources are Lawrence, Little, and Chivers, 1964, ref. 7; Millman,
1967, ref. 8, and various chapters in Valley, 1965, ref. 9
(outlined in Section 6.4.2).

The main causes of electromagnetic wave transmission
irregularities in the microwave-millimeter wave region
(3 GHz - 3 THz; 10 cm - 100 um) are resonant absorption by
atmospheric oxygen and water vapor, and scattering by atmos-
pheric hydrometeors. Key sources are Kerr, 1951, ref. 10;
Atlas, et al. 1965, ref. 1ll; Hogg, 1968, rxef. 12; Lukes, 1968,
ref. 13; and Fowler and LaGrone, 1969, ref. 14.

Optical Region (3 THz - 3,000 THz; 100 um - 0.1 um)

The main causes of atmospheric degradation of electro-
magnetic waves in the optical region are absorption and scatter-
ing by molecular constituents and scattering by aerosols such as
smoke, fog, and haze particles. Molecular absorption is treated
in Howard, Garing, and Walter, 1965, ref. 15; and Lukes, 1968,
ref. 13. A discussion of attenuation by scattering is contained
in Elterman and Toolin, 1965, ref. 16; and Lukes, 1968, ref. 13,

2.0 CHARACTERISTICS OF ELECTROMAGNETIC WAVES

2.1 SUMMARY

A wave is an oscillatory motion of any kind, the most
famjliar being waves on the surface of water. Sound waves, another
common example, are vibrations of the air or of various material
substances. Both wave types involve mechanical motion. Electro-
magnetic waves are electric and magnetic field wvariations.

All waves are characterized by the property called propaga-
tion. The vibrations at a particular point in space excite
similar vibrations at neighboring points, and thus the wave
travels or propagates. The particular substance or space in which it
exists is the propagation medium.



It was demonstrated by Heinrich Hertz in 1887 that electro-
magnetic energy in the form of radio waves can be transmitted
into space. He postulated that when energy is delivered to an
antenna, two fields are induced therein: an induction field and
a radiation field. The induction field, being a product of the
energy stored in the system, exists only in close proximity to
the radiator. The radiation field is derived from electric
flux lines established by charges moving in the system and pre-
vails out through free space.

The radiation field consists of two components, in-phase
in time, but 90° out-of-phase in orientation: the electric (E)
field and the magnetic (H) field. The two components support
each other.

The time variation of the E field is equivalent to a hypo-
thetical current flow which produces the H field, and the
variation of the H field induces a voltage differential which
is indeed the E field. Figure 2-1 illustrates the instantaneous
relations of the E and H fields. Phase and amplitude vary
coherently with time according to the frequency of the propagated
wave. The wavelength interval A, indicated in Figure 2-1, is
related to frequency in free space, as follows:

(2-1)

—hQ

where
A = wavelength, m,
e = 2.9979x108 m/sec, phase velocity of light in a wvacuum,
f = frequency, Hz.

These concepts are discussed in more detail below.

2.2 WAVE VELOCITY

Electromagnetic waves travel in free space* at approximately
186,000 statute miles per second. In other propagation media
their speed may be less, but ordinarily it is very high compared
with the speeds of things observable without special instruments.

*Free Space is a term much used in discussion of electromagnetic
waves. It implies not only empty space (a vacuum) but also re-
moteness from any material substances from which waves may be
reflected.



Figure 2-1.- Spatial relationships of a plane electromagnetic
wave in free space

In the gases of the earth's normal atmosphere, in fact, the
speed is only slightly less than in empty space (vacuum), and
for practical purposes the difference is negligible except over
very long paths. Even then it is ordinarily permissible to use
the free-space velocity figure for calculating how long it will
take a radio wave to travel from one point to another in the
atmosphere.

An important exception to this statement occurs when waves
at certain radio frequencies travel in the ionosphere, a layer
of charged particles (ions) lying above the earth between the
heights of about 40 and 200 miles. At very low radio frequencies,
radio waves cannot penetrate the ionosphere; they are reflected
from it. At very high frequencies, waves pass through the
ionosphere unimpeded at the same speed they would have in empty
space. But in a critical intermediate frequency region, depending
on ionospheric conditions (which vary considerably from day to
night and with the season and other factors), the wave velocity
in the ionosphere may be different than it is in wvacuum.

The speed of electromagnetic propagation in a vacuum is of
fundamental importance. This value, commonly called the "speed
of light" in vacuum, is designated by the symbol ¢. The value
of ¢ is 186,283 statue miles per second, or 299,793 kilometers
per second, rounded off for most purposes to 186,000 miles per
second or 3 x 108 meters per second.

The velocity of propagation is the rate of flow of electro-
magnetic radiation, and is sometimes defined for various situa-
tions as follows:



(a) Phase Velocity: Of a traveling plane wave at a single
frequency, the velocity of an equiphase surface along
the wave normal. Also called phase speed, wave speed,
and wave velocity.

(b) Group Velocity: The velocity of propagation of
electromagnetic radiant energy in a nondispersive or
normally dispersive medium. For a complex waveform,
group velocity refers to the velocity of propagation
of the beats between the component frequencies of the
waveform,

(c) Signal Velocity: The velocity of propagation of a
signal. 1In a nondispersive or normally dispersive
medium, signal and group velocity are the same. For
pure CW (continuous wave) systems, utilizing no
modulation, phase velocity is applicable.

2,3 FREQUENCY AND WAVELENGTH

The oscillations of waves are periodic, or repetitious.
They are characterized by a frequency, the rate at which the
periodic motion repreats itself, as observed at a particular
‘point in the propagation medium. Complex waves may contain
more than one frequency. The frequency is expressed in cycles
per second, a cycle being one full period of the wave. In the
Internatlonal System the cycle per second is called a hertz
(abbreviation, Hz).

Chapter 3 briefly describes the wide range of frequencies
and wavelengths contained in the electromagnetic spectrum. A
single-frequency wave motion has the form of a sinusoid.

The wavelength of an electromagnetic wave is the spatial
separation of two successive "oscillations", which is equal to
the distance that the wave travels during one sinusoidal cycle
of oscillation. Therefore, if the wave velocity is v meters
per second and the frequency is f cycles per second, the wave-
length in meters is

(2-2)

“5l<

As has been noted, v may have different values in different
propagation media. When the value in free space (vacuum), c,
is used in Eq. 2-2, the resulting value of A is the free-space
wavelength, sometimes denoted by Ay, (Eq. 2-1).



2.4 SPACE-TIME RELATIONSHIP*

An electromagnetic wave has two components, an electric
field and a magnetic field. Each component varies sinusoidally
in time at a fixed point of space, with time period T = 1/f ,
seconds, where f is the frequency in Hz. Also at a fixed instant
of time there is a sinusoidal variation in space along the
direction of propagation, with spatial period (wavelength)

A = v/f meters, where v is the velocity of propagation in meters
per second (Eg. 2-~2). In terms of a cartesian coordinate sys-
tem (rectangular coordinates z, y, 2), if the electric field E
of the wave is represented by vectors parallel to the x-axis and
the wave is propagating in free space in a direction parallel to
the y-axis, as shown in Fig. 2-~1, the space-time relationships
for a plane wave are expressed by the following equations:

Ex(z,t) = E, sin (27 ft - =5t 9) . (2-3)
H (2,t) = By sin (21 ft - i;li + ¢) (2-4)

The notation E,(z,¢) indicates that E, is a vector parallel
to the x-axis and has a magnitude that depends on the values of
the variables z and t. The parameter E, is the maximum value,
called the amplitude of the wave, that Ejp(z,tf) attains when
|sin (27 ft - 2m 2/A + ¢)| = 1, which in turn will occur
periodically at time intervals of T = 1/2f at a fixed point and
at z-intervals of A/2 (half-cycle and half-wavelength intervals).
The parameter ¢ is the initial phase angle of the wave; that is,
at t = 0 and 3 = 0, E;(3,t) has the value Ej sin ¢. Similar
statements apply to Hy(z,t). Figure 2-1 portrays these relation-
ships schematically.

As shown, both the electric and magnetic components of the
wave are "in phase" in space, that is, their maxima and minima
occur for the same values of z. They are also in phase in time,
at a fixed value of z. However, they are both directed at right
angles to each other and to the direction of propagation, a
relationship that they always bear to each other in free-space
propagation. The designation plane wave means that the pattern
shown, although described as existing only along the z-axis,
actually exists everywhere in space, the wave vectors at any
point (x,y,2) being exactly like those at the point (0,0,3).

At a fixed value of 3z there is no variation of the field in the

*After L. V. Blake, ref. 1.
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x and y- directions, that is, in an xy-plane at the point z;
hence the name plane wave. (Not all electromagnetic waves are
plane. A plane wave is an idealization never perfectly realized,
but in practice waves may often be considered plane, with small
error and with great simplification of mathematical description).

The motion of the wave may be visualized by imagining that
the entire set of field vectors, not only those shown but also
those at all other values of x and y, is moving in unison in
the positive z-direction at velocity ¢ = 3 x 108 meters per
second. An observer at a fixed point would see a sinusoidal
time variation of both E and H. On the other hand, if he could
somehow (magically) "freeze" the motion and take measurements of
E and H along the z-axis, he would observe the pattern in
Fig. 2-1.

2.5 POLARIZATION®

The plane wave shown in Fig. 2-1 is linearly polarized;
that is, the electric vector has a particular direction in space
for all values of.z, in this case the x-axis direction. The
wave is therefore said to be polarized in the x-direction. 1In
actual space above the earth, if the electric vector is vertical
or lies in a vertical plane, the wave is said to be vertically
polarized; if the E-vector lies in a horizontal plane, the wave
is said to be horizontally polarized. (It is conventional to
describe polarization in terms of the E-vector).

The initial polarization of a radio wave is determined by
the antenna that launches the waves into space. The polarization
desired, therefore, is one of the factors entering into antenna
design. 1In some applications a particular polarization is pre-
ferable; in others it makes little or no difference.

Electromagnetic waves are not always linearly polarized.
In circular polarization the electric vector of a wave is
rotating about the z-axis (direction of propagation) so that the
wave advances with a screw motion, making one full rotation for
each wavelength it advances. Extending the analogy with a screw
thread further, the rotation may be clockwise or counterclockwise,
corresponding to right-hand-circular and left-hand-circular
polarizations. A circularly polarized wave results when two
linearly polarized waves are combined, that is, if they are
simultaneously launched in the same direction from the same
antenna, provided that the two linear polarizations are at right
angles to each other and their phase angles (the angle ¢ in Egs.
2-3 and 2-4) differ by 90 degrees or m/2 radians. The right-hand

*After L. V. Blake, ref. 1.
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or left-hand rotation depends on whether the phase difference

is plus or minus. For true circular polarization it is necessary
also that the two linearly polarized components be of equal
amplitude. If they are of different amplitudes, elliptical
polarization results.

The polarization is random when there is no fixed polariza-
tion or pattern of polarization-variation that is repetitive
along the z-axis, an effect present in light waves emitted from
an incandescent source (e.g., the sun or an electric light bulb).
It is seldom observed in man-made radio emissions, but these
waves would result if two independently random sources of radio
noise (used in radio and radar military countermeasures, or
"jamming") are connected to right-angle-polarized elements of
a single antenna.

Linear polarization is by far the most commonly employed.
Circular polarization is employed fairly often at the very high
frequencies. '

2.6 RAYS AND WAVEFRONTS*

Because the detailed structure of an electromagnetic wave
is invisible, its nature can be determined only by indirect
methods. Diagrams such as Fig. 2-1 are not truly pictorial;
they are purely schematic, man-conceived schemes of representing
certain aspects of the waves, namely, the magnitude variations
of the E and H components. Another such scheme utilizes the
concept of rays and wavefronts as an aid in illustrating the
effect of variations in the propagation medium (1nclud1ng dis-
continuities) on the propagation of waves.

A ray is a line drawn along the direction of propagation
of a wave. The z-axis in Fig. 2-1 is an example of a ray. Any
line drawn parallel to the z-axis in this diagram is also a ray,
since the wave is plane and has the same direction anywhere.
Therefore, if the wave is plane, there is no point in drawing
more than one ray, for they are all alike.

A wavefront is a surface of constant phase of the wave.
As mentioned in connection with Fig. 2-1, such surfaces are
planes perpendicular to the direction of propagation when the
wave is plane. As also mentioned, not all waves are plane. In
fact, in the vicinity of the source from which waves are emanating
(an antenna, for example), rather complicated wavefronts may exist.
Of particular importance, and only slightly more complicated than
a plane wave, is the spherical wave. Any "point" source of waves

*After L. V. Blake, ref. 1.
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in free space will generate a spherical wave, as is readily
deduced from the fact that if a certain part of the wave travels
outward from a point, at the same speed in all directions, it
will, after traveling a distance R, define the surface of a
sphere of radius R, with its center at the point of origin of
the waves.

In free space, at a sufficient distance from a source of
electromagnetic waves for the size of the source to be very
small compared to the distance, the wavefronts will be spherical,
that is, the source may be considered equivalent to a point
source. The system of rays and wavefronts generated by a point
source is shown in Fig. 2-2.

It is apparent that the wavefronts here are spherical
(appearing as circles in this two-dimensional drawing) and that
all the rays are diverging from the common center or source.
But if a small portion of a spherical wave, at a great distance
from its source, is considered, this small portion will be
approximately plane. For example, consider a cubic region of
space, shown dotted in Fig. 2~2 near the mid-portion of the arc
denoted wavefront D. This is a spherical wavefront. Within
the dotted region, however, the small portion of the wavefront
can hardly be distinguished from the plane surface of the cube
to which it is tangent. Moreover, all the ray lines inside
this cube are approximately parallel.

If the wavefront is one mile from the source, for example,
and if the cube edge-dimension is 100 feet, the wavefront will
deviate from perfect planeness (coincidence with the cube face)
by only about 3 inches. For most practical purposes the wave-
front in this 100-foot region may be regarded as plane. At a
distance of 10 miles, the deviation in 100 feet would be only
0.3 inch.

2.7 SPHERICAL WAVES AND THE INVERSE-SQUARE LAW”

One of the fundamental laws of physics is the Law of
Conservation of Energy. An electromagnetic wave represents a
flow of energy in the direction of propagation. The rate at
which energy flows through a unit area of surface in space
(energy per unit time per unit of area) is called the power
density of the wave, usually expressed in watts per square
meter. The principle of energy conservation can be applied to
a uniform spherical wave in the following terms, with reference
to Fig. 2~-2. If the source radiates power at a constant rate

*After L. V. Blake, ref. 1.
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Figure 2-2.- Point-source wavefronts and rays in free space
(After Blake, ref. 1)

14



uniformly in all directions, the total power flowing through
any spherical surface centered at the source will be uniformly
distributed over the surface and must equal the total power
radiated. Such a source is called an isotropic radiator, or
isotrope.

In Figure 2-2, wavefront B, for example, constitutes a
spherical surface. Although only a portion of it is shown, the
complete sphere may be visualized as surrounding the source.

If wavefront B is at a distance Rg meters from the source, the
total surface area of this sphere is, from elementary geometry,
4TRg2 square meters. If the source is radiating a total power
Py watts, since this total power is by hypothesis distributed
uniformly over the spherical surface at distance Rp, the power
density Pp must be

P

Py = t2 watts per square meter. (2-5)
4ﬂRB

By similar reasoning the power density at the greater
distance of wavefront C will be

P
P = t2 watts per square meter. (2-6)

4TR
c

This value is obviously smaller than the power density at wave-.
front B, since R, is greater than Rg. Thus the power density
decreases as the distance from the source increases.

What is the law of this decrease? It may be found by
dividing Eg. 2-5 by Eg. 2-6:

PB (Rc)2
5 =45 7 (2-7)
PC RB

which shows that the power density is inversely proportional to

the square of the distance from the source. This is the celebrated
inverse-square law of radiation, observed experimentally for all
forms of electromagnetic waves in free space or in limited

regions whose characteristics approximate the uniformity of free
space.
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In deriving this result it has been assumed that the source
radiates isotropically - uniformly in all directions. This
assumption was made because it simplifies the reasoning, but
actually it is not a necessary assumption. The same result is
obtained if the source radiates nonuniformly, that is, if it
radiates power preferentially in certain directions, as occurs
in practice with directional antennas. It is always necessary,
however, to assume that the velocity of electromagnetic propaga-
tion is the same in all outward directions from the source,
which is certainly true in free space. (This assumption is
necessary in order that the wavefronts may be spherical, i.e.,
that the distance to the wavefront from the source at any
instant may be equal in all directions, corresponding to the
geometrical definition of a sphere).

A propagation medium that satisfies this assumption is
called isotropic, meaning that the propagation velocity is the
same regardless of the direction of propagation. The <Znverse-
square law, therefore, is the result both of the spherical
spreading of the wavefronts in an isotropic propagation medium
and of the law of conservation of energy. This very important
result has many applications in antenna theory, as well as in
wave-propagation theory.

2.8 FIELD INTENSITY AND POWER DENSITY”

The power density of the field is related to the values
of the electric and magnetic intensities in the same way that
power in an electric circuit is related to voltage and current;
it is the product of the two. (This assumes the free-space
relationship of the field vectors depicted in Fig. 2-1). The
product of the instantaneous values gives the instantaneous power,
but this quantity is usually of little interest. The average
power density over an rf cycle is ordinarily desired, and, just
as in computing a-c power in circuits, it is obtained by
multiplying the effective values of E and H, equal to 1/v/2 times
the amplitudes, or 0.707E5 = 0.707Hy. Hence

P

(0.707E5) x (0.707H,) = 0.5EgH, , (2-8)

where E, and H, are the amplitudes as in Egs. 2-3 and 2-4. Eg
is expressed in volts per meter, H, is ampere-turns per meter
to give P in watts per square meter.

*After L. V. Blake, ref. 1.
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Just as voltage and current in circuits are related through
the resistance by Ohm's law, the electric and magnetic intensities
are related by the characteristic wave impedance of space. In a
lossless propagation medium this impedance is equal to the square
root of the ratio of its magnetic permeability p to its electric
permittivity e:

Zp = Yu/e ohms. (2-9)

In a vacuum p has the value 1.26 x lO_6 henrys per meter,
and € is 8.85 x 10-12 farad per meter. (These values are
customarily denoted u, and g5). Consequently, Zg is about 377
ohms (actually 120m ohms) in free space, a value also applicable
in air. Hence in these media

N

P = §E7 = 377 12 watts per square meter (2-10)

where E and H are effective (rms) values, equal to 0.707E, and
0.707H5, in volts per meter and ampere-turns per meter,
respectively. This also means that

L

H =377

ampere-turns per meter (2-11)

for any wave propagating in free space or air; that is, E and H
are related through this expression, and specifying one of them
is equivalent to specifying both. Ordinarily, therefore, only
the electric intensity is specified.

If Eq. 2-10 is applied to the inverse-square law, the result
is

RC
- ¢ (2-12)
RB

I?jltlj
w

C

which states that the electric intensity is inversely proportional
to the first power of the distance from the source (subject to

the same stipulations that apply to the inverse-square law in its
original form).
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Equations 2-7 and 2-12 are different ways of showing how
the electromagnetic wave is attenuated with increasing distance
from the source. Equation 2-~7 expresses the attenuation in
terms of the power-density ratio, Equation 2-~12 in terms of the
electric-density ratio.

2.9 DISPERSION

The dispersion is the variation of phase velocity with
frequency. Dispersion results when a process, such as diffrac-
tion, refraction, or scattering, varied according to frequency.

3.0 THE ELECTROMAGNETIC SPECTRUM

3.1 SUMMARY

The electromagnetic spectrum is the entire range of wave-
lengths or frequencies of electromagnetic radiation. This
chapter discusses various aspects of the electromagnetic
spectrum.

The notation used to describe the electromagnetic spectrum
of interest is discussed. Two detailed frequency spectrum
charts are presented and several related charts-are cited. Some
fundamentals and information of frequency management are outlined.

3.2 ELECTROMAGNETIC SPECTRUM NOTATION

A breakdown of the electromagnetic frequency spectrum of
interest in this handbook is presented in Table 3-1. In Table
3-1 the following multiples of units for frequency are used:

k = 103; M = 106; G = 10%; and T = 1012. The notation in the
VLF-EHF frequency region is after Booker and Little (ref. 1).

3.3 FREQUENCY SPECTRUM CHARTS

Figure 3-1 presents a chart describing the_frequency spec-
trum from 4 x 10-4 Hz to 6 x 1022 gz (7.5 x 101l m to 5 x 10~2 um).
The chart is reproduced with the permission of North American
Rockwell. This frequency spectrum chart consists mostly of the
electromagnetic spectrum, but to create a stimulating comparison,
mechanical and sonic frequencies are also included on the lower
portion of the scale. The chart is adequately described by the
remarks contained thereon.
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Figure 3-2 presents a frequency spectrum chart which is an
expansion of a portion of the frequency spectrum chart in Figure
3-1. Figure 3-2 is used with the permission of the Joint Tech-
nical Advisory Committee (ref. 2) and North American Rockwell.

The chart is divided into two sections: (1) man's use of
electromagnetic energy, and (2) natural phenomena with a sub-
section titled side effects, showing the interaction between the
two.

The presentation of the spectrum in these two categories is
an attempt to suggest a simple means for showing man's use and
natural phenomena in simple terms of a common denominator:
frequency. Although extreme care was taken to place activities
in their proper frequency relationship, this chart should not
be used as a basis for technical reference.

The first section, man's use is made up of (1) frequency
allocations, and (2) a listing of miscellaneous items of general
applications. In (1) the Office of Telecommunications Management
allocates these frequencies for federal government use, and the
Federal Communications Commission for all other uses. These are
current allocations for usage in the United States.

Man's unintended use, broadband interference, is also
placed in the miscellaneous section. This notation indicates
the frequency ranges at which there is generation of spurious
or unwanted electromagnetic energy resulting from man's use of
electric and electronic products. These frequencies would include
the radiated and conducted signals.

The incidences of such side effects which have been entered
on the chart indicate frequencies at which experiments have been
performed and do not imply evidence of a unique frequency effect
or the intensity and duration of exposure necessary to induce
the effect. :

A number of charts have been prepared by various organiza-
tions which consider various aspects of the electromagnetic
spectrum. These are listed in Table 3-2. These types of charts
are useful for obtaining order of magnitude numbers for many
physical parameters.
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